Abstract. Although epithelial-mesenchymal transition (EMT) has been implicated as the pivotal event in metastasis, there is insufficient evidence related to EMT in clinical settings. Intratumor heterogeneity may lead to underestimation of gene expression representing EMT. In the present study, we investigated the expression of EMT-associated genes and microRNAs in primary colorectal cancer while considering intratumor heterogeneity. One-hundred and thirty-three multiple spatially separated samples were obtained from 8 patients with metastatic colorectal cancers and 8 with non-metastatic colorectal cancers, from the tumor center (TC), invasive front (IF) and metastasis. Differences in gene and microRNA expression were investigated by microarray and quantitative reversetranscription PCR. Gene expression microarray analysis detected 7920 sites showing differing levels of gene expression among the TC, IF and metastasis. Expression of the EMT-associated gene zinc-finger E-box-binding homeobox 1 (ZEB1) significantly increased in the IF (p<0.01). To exclude individual differences, the expression ratio between TC and IF in each tumor was applied to analysis. This approach enabled recognition of the activation of the VEGF and Wnt signaling pathways, which were involved in metastasis via promotion of EMT. While no activation of these pathways was seen at the TC, regardless of whether tumors were metastatic or non-metastatic, they were preferentially activated at the IF in metastatic tumors, where high ZEB1 expression was seen in connection with decreased miR-200c expression. Multiple sampling in a tumor revealed that heterogeneous ZEB1 expression induced by EMT-associated signaling pathways played a pivotal role in metastasis via regulation of miR-200c.
Introduction
Colorectal cancer is one of the most common cancers worldwide and has good prognosis if detected early. However, metastasis of colorectal cancer causes cancer-related deaths. Increasing evidence suggests that epithelial-mesenchymal transition (EMT) plays an important role in tumor progression and metastasis formation in several types of cancers, including colorectal cancer (1) (2) (3) (4) . EMT is a biologic process that enables a polarized epithelial cell to undergo several biochemical changes. This biological process enables epithelial cells to acquire the mesenchymal cell phenotype, including enhanced migratory ability and invasiveness (5) . During this process, epithelial cells lose E-cadherin expression and exhibit loss of cell-cell adhesion, reorganization of the cytoskeleton by switching from keratin to vimentin intermediate filaments, loss of apical-basal polarity, acquisition of a fibroblast-like cell shape and increase in motility (6, 7) .
Many molecular targets are involved in EMT. Some key transcription factors, including SNAIL, zinc-finger E-box-binding homeobox (ZEB), and basic helix-loop-helix transcription factors, are considered to play central roles in EMT (2, 4) . These molecules can directly bind the promoter region of the E-cadherin gene and inhibit E-cadherin transcription (8) . Consequently, tumor cells exhibit mesenchymal features and obtain abilities for migration and invasiveness. Activation of these molecules is triggered by many signaling pathways such as the TGFβ superfamily, Wnt, Notch, VEGF, epidermal growth factor (EGF) and hypoxia-inducible factor pathways (9, 10) . These signaling pathways are involved in carcinogenesis via the mutual influence of the tumor and components of its microenvironment on the dynamic control of EMT (2) . microRNAs also participate in the regulation of EMT by binding to mRNAs, and then microRNAs control the translation or degradation of mRNAs (11, 12 (10, 13) . These processes are observed in vitro, but not in vivo; in vitro studies are often subject to criticism because the stromal interactions and tumor environment in vivo cannot be replicated in vitro (6, 9, 14, 15) . There is little evidence of EMT in human tumors due to the great diversity in cellular organization (13, 15, 16) . Tumors accumulate somatic aberrations through an evolutionary process (16) , inducing heterogeneous features in a tumor; this is known as intratumor heterogeneity. Multiple genetically distinct subclones have been detected within a primary tumor (17) (18) (19) . Improvements in technologies, including nextgeneration sequencing, have enabled in-depth verification of intratumor heterogeneity at the molecular level. In clear cell renal cell carcinoma, tumor subclones within the primary tumor appear geographically distinct (18, 19) . Intratumor heterogeneity in other tumor types has also been noted and has been reported to influence targeted therapy and polygenic drug resistance (20) . Therefore, intratumor heterogeneity should be considered while studying EMT-associated genes.
In the present study, we obtained multiple spatially separated samples from primary colorectal carcinomas and their metastatic sites to elucidate the heterogeneous molecular profiles of EMT. We investigated the distribution of EMT-associated gene expression and activation of EMT-associated signaling pathways and microRNAs and compared gene expression between the tumor center (TC) and invasive front (IF) of metastatic and non-metastatic tumors.
Materials and methods
Patients and tissues. The colorectal cancer tissue samples were obtained from 8 patients who had metastatic colorectal cancer and 8 patients who had non-metastatic colorectal cancer; these 16 patients had undergone surgery from December 2013 to December 2014 at the Saitama Medical Center, jichi Medical university, japan. The present study was approved by the Research Ethics Committee at jichi Medical university. Written informed consent was obtained from each study participant. Table I displays the clinical and histopathological  characteristics of the patients. Multiple spatially separated samples were taken from the TC or IF in each tumor. The TC was defined as an area with a depth of 5-10 mm from the surface of the tumor. The IF was defined as an area 1-3 mm away from the boundary between the tumor and muscle, serosa, or other organs (Fig. 1) . Tissue samples were obtained from metastasis areas in 6 patients and normal mucosa in 11 patients (Table II) .
Both normal and tumor tissues were obtained immediately after surgery, immersed in RNAlater (Ambion, Inc., Austin, TX, uSA), and stored at -80˚C in our laboratory until processing. RNA isolated from samples obtained from 38 sites of 8 tumors were used for microarray analysis and RNA obtained from 133 sites of 16 tumors were used for quantitative real-time reverse-transcription (RT) PCR (RT-qPCR). Eighty-eight samples obtained from the TC and IF of 8 tumors that had sufficient sample volume for obtaining microRNA were used for the microRNA analysis. Formalin-fixed paraffin embedded (FFPE) samples were also obtained from the abovementioned 16 patients.
RNA extraction. Total RNA was extracted from samples using the Illustra RNAspin Mini RNA Isolation kit (GE Healthcare uK, Buckinghamshire, uK) and the miRCuRY RNA Isolation kit (Exiqon, Vedbaek, Denmark) according to (21) . RNAs with RINs of 7-10 were used for microarray and RT-qPCR.
Microarray expression profiling. The gene expression microarray experiments were performed using Agilent SurePrint G3 Human Gene Expression 8x60K ver2.0 (Agilent Technologies) according to the manufacturer's instructions (One-Color Microarray-Based Gene Expression Analysis protocol Version jan. 2012; Agilent Technologies). In brief, cyanine-3 (Cy3)-labeled cRNA was prepared from 75 ng RNA using the One-Color Low Input Quick Amp labeling kit (Agilent Technologies), followed by purification with the RNeasy Mini kit (Qiagen, Hilden, Germany). Dye incorporation and cRNA yield were checked with the NanoDrop spectrophotometer. For hybridization, 600 ng of Cy3-labeled cRNA was fragmented at 60˚C for 30 min. On completion of the fragmentation reaction, 25 µl of 2X Agilent hybridization buffer was added to the fragmentation mixture and hybridized for 17 h at 65˚C in a rotating Agilent hybridization oven. After hybridization, microarrays were washed with GE Wash Buffer. Slides were scanned after washing on the Agilent Technologies Microarray scanner. The fluorescence intensities on scanned images were extracted and preprocessed by Agilent Feature Extraction software (v10.7.3.1). The raw signals were normalized using the percentile shift normalization method; the value was set at 75th percentile and log transformed. universal Human Reference RT-qPCR assay for mRNA expression. RT was performed using the High Capacity RNA-to-cDNA kit (Applied Biosystems, Carlsbad, CA, uSA). RT-qPCR assays were performed using TaqMan ® Gene Expression Assays (Applied Biosystems; Table III) and TaqMan ® Gene Expression Master Mix on the QuantStudio™ 12K Flex Real-Time PCR system (Applied Biosystems). Thermal cycling conditions were as follows: 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60ºC for 1 min. The expression level of each gene was determined using the fluorescence intensity measurements from the QuantStudio™ 12K Flex Data Analysis software. A GAPDH fragment was amplified as an internal control. RT-qPCR assays were repeated two times.
RT-qPCR assay for miR-200 expression.
Total RNA (10 ng) extracted with the use of the miRCuRY RNA Isolation kit was reverse transcribed in 10-µl reactions by using the miRCURY LNA TM universal cDNA Synthesis kit II (Exiqon). RT-qPCR assays for microRNAs were performed with specific microRNA LNA PCR primers (Exiqon ; Table III) and ExiLENT SYBR ® Green Master Mix (Exiqon). All RT-qPCR reactions were carried out in 96-well plates with the ROX Reference Dye (Applied Biosystems) in the QuantStudio™ 12K Flex Real-Time PCR System (Applied Biosystems). Thermal cycling conditions were as follows: 95˚C for 10 min; 40 cycles of 95˚C for 10 sec and 60˚C for 1 min; and 95ºC for 15 sec, 60˚C for 1 min, and 95˚C for 15 sec. A miR-423-3p primer was used as the reference microRNA.
Immunohistochemistry. Immunohistochemistry (IHC) staining was performed on FFPE samples according to standard procedures. In summary, FFPE samples on slides were baked for 30 min at 58˚C, deparaffinized in xylene, rehydrated through graded alcohol, and antigen-retrieved at 98˚C in a water bath for 30 min in sodium citrate buffer (10 mM sodium citrate, pH 6.0). Then, the slides were immersed in 0.3% hydrogen peroxide diluted in methanol for 20 min to block endogenous peroxidase activity and preincubated with 5% bovine serum albumin (BSA) at 15-20˚C for 15 min to reduce non-specific reaction. Subsequently, the slides were incubated with anti-ZEB1 (#NBP1-05987; Novus Biologicals, Littleton, CO, uSA, 1:500 dilution, 4˚C overnight), anti-ZEB2 (#HPA003456; Sigma, St. Louis, MO, uSA, 1:400 dilution, 4˚C overnight) or anti-VEGF (#ab46154; Abcam, Cambridge, uK, 1:200 dilution, 15-20˚C for 30 min). The slides were sequentially incubated with a secondary antibody, Histofine ® Simple Stain™ MAX PO MuLTI (Nichirei Biosciences Inc., Tokyo, japan), at 15-20˚C for 30 min, and stained with DAB (Dako, Glostrup, Denmark). Finally, the slides were counterstained with Mayer's hematoxylin, dehydrated in graded concentrations of ethanol and mounted.
The staining intensity of each slide for the IF was evaluated by scanning of the whole section at low (x40) and high magnification (x200) by 2 independent researchers in a blinded manner.
Statistical analysis. Continuous variable comparisons between 2 groups were performed with the Student's t-test for variables following a normal distribution, or with the non-parametric Mann-Whitney-Wilcoxon test for variables that did not follow a normal distribution. To determine the significant genes from multiple samples, analysis of variance (ANOVA) was carried out using MeV, using which hierarchical clustering sample and gene trees were also drawn simultaneously (22) . The level 
Results

Heterogeneous expression in EMT-associated genes and activation of the VEGF and WNT signaling pathways.
unsupervised hierarchical clustering was performed to elucidate distinct gene profiles among 3 locations, including the IF, TC and metastasis, but no clear differences were seen (data not shown). We then used ANOVA to determine whether there was location-associated gene expression; the results revealed that 7920 probes (13% of whole probes) exhibited significant differences in levels of gene expression among 3 locations. The IF in tumors displayed higher expression of ZEB1, an EMT-associated gene, than that seen in the TC and metastasis (p<0.01) ( Fig. 2A) . There was no significant difference among the 3 locations with respect to the expression levels of other EMT-associated genes, including SNAIL, basic helix-loophelix transcription factors and E-cadherin. Heterogeneous gene expression of ZEB1 was seen such that high levels of ZEB1 expression were found in a small part of the IF, whereas no increase in expression was seen in the TC (Fig. 2B) . The ANOVA-constructed hierarchical tree revealed that expression patterns in several samples (nos. 3, 4, 5, 6 and 8) were influenced by individual differences rather than the differences between the TC and IF (Fig. 2A) . We then calculated the expression ratios between the TC and IF in each tumor to exclude these individual differences. These ratios were applied to the t-test comparing metastatic tumors and non-metastatic tumors. This analysis identified 1512 distinctive probes (2% of whole probes) according to the status of metastasis. Gene annotation and pathway ontology analyses were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) and Kyoto Encyclopedia of Genes and Genomes (KEGG), which revealed that several genes were associated with the VEGF signaling pathway and Wnt signaling pathway (Table IV) .
Comparison of gene expression of ZEB according to sample locations and the status of metastasis.
We verified expression levels of EMT-associated genes, including ZEB, by RT-qPCR in a series of 133 clinical samples from 16 tumors. Expression levels of ZEB1 and ZEB2 in IF were significantly higher than those in the TC and metastasis (Fig. 3A and B) . Heterogeneous expression of ZEB proteins was ascertained by IHC. A representative sample with overexpression of ZEB1 and ZEB2 in the IF is shown in Fig. 5 ; ZEB1 and ZEB2 showed heterogeneous expression even in the IF. In contrast, VEGF did not display heterogeneity in the IF (Fig. 5E ). Metastatic tumors preferentially expressed ZEB proteins but no statistically significant difference was found on comparing the status of metastasis.
Expression levels of SNAIL1 were higher in the IF than in the TC and metastasis, but the differences were not statistically significant. Expression of CDH1 (E-cadherin) displayed almost the same levels among the 3 locations (Fig. 4A and B) .
We compared expression levels of ZEB1 and ZEB2 between metastatic tumors and non-metastatic tumors according to sample locations. Expression levels of ZEB1 in the IF tended to be higher in metastatic tumors than in non-metastatic tumors, while little variation of expression levels in TC was seen regardless of the presence or absence of metastasis (Fig. 3C) . ZEB2 expression in the IF displayed little variation between metastatic tumors and non-metastatic tumors (Fig. 3D) . No variation was seen in either SNAIL1 or CDH1 regardless of locations and the status of metastasis (Fig. 4C and D) .
Expression levels of the miR-200 family and their correlation with ZEB. Expression levels of ZEB1 increased in metastatic tumors but the level was not significantly different from those in non-metastatic tumors. We analyzed the miR-200 family, which regulates ZEB genes, and measured the expression levels of this family in 88 samples. None of the variants of the miR-200 family displayed any significant difference in expression between the IF and TC regardless of the status of metastasis. When we focused on the IF for expression levels of the miR-200 family while comparing the status of metastasis, we noted lower levels of miR-200c and higher levels of miR-200a in metastatic tumors as compared to those in non-metastatic tumors; these differences were statistically significant (p=0.015 and p=0.0065, respectively; Fig. 6A and  C) . None of the variants of the miR-200 family in the TC displayed any significant difference between metastatic tumors and non-metastatic tumors. Correlation analysis revealed that miR-200b and miR-200c displayed high inverse correlation with ZEB1 (Fig. 7) .
Discussion
In this study, multiple spatially separated sampling in a tumor revealed heterogeneous expression of the EMT-associated gene ZEB1 and its negative regulator miR-200c. Heterogeneous expression of these genes was seen in the IF of metastatic tumors, in which EMT-inducing signal pathways such as the VEGF and Wnt pathways were activated. Although EMT plays a fundamental role in tumor progression and metastasis formation in vitro, evidence of EMT in human cancers has not been verified. We addressed intratumor heterogeneity of primary colorectal cancers in this study.
To investigate heterogeneous molecular profiles underlying invasion and metastasis in a tumor, we compared gene expression in the TC and IF, and the expression ratio between TC and IF was applied to the analysis. This approach enabled us to recognize the activation of some signaling pathways such as the VEGF signaling pathway and the Wnt signaling pathway (Table IV) . These pathways were preferentially activated at the IF in metastatic tumors, while no activation was seen at the TC, regardless of whether the tumor was metastatic or non-metastatic. These pathways are involved in metastasis by promoting EMT. VEGFR-1 has been reported to lead to morphologic and molecular alterations in pancreatic cancer cells; these alterations are potentially similar to that of EMT to facilitate the induction of migration and invasion. In addition, VEGFR-1 activation increases the expression of EMT-associated transcription factors (24) . The Wnt signaling pathway stabilizes the EMT-associated gene SNAIL by inhibition of GSK3β kinase (25) . β-catenin is the key molecule implicated in the Wnt signaling pathway, and its activation was observed at IF in colorectal cancers through the process of EMT (26) , which is consistent with our data.
Heterogeneous expression of EMT-associated genes was seen not only in an entire tumor but also in a small part of the tumor such as the IF (Fig. 2B) , which indicated the importance of multiple spatially separated sampling. A single sample obtained from IF is insufficient to evaluate differences in expression levels of EMT-associated genes. Gerlinger et al (18, 19) stated that intratumor heterogeneity Figure 5 . Immunohistochemical analysis of ZEB1, ZEB2 and VEGF. Immunohistochemical analysis of ZEB1 (A and B), ZEB2 (C and D) and VEGF (E) at the invasive front in primary colorectal cancer. A few cancer cells expressed ZEB1 (arrows). ZEB1 was predominantly expressed in the nucleus and ZEB2 was expressed in the cytoplasm. The pictures on the left were taken at x40 magnification, and boxed areas were focused and taken at x200 magnification in the pictures on the right. might lead to underestimation of the genetic complexity of a tumor when single-biopsy procedures are used.
One of the EMT-associated genes, ZEB1, plays crucial roles in colorectal cancer progression (27) , and high expression of ZEB1 leads to poor prognosis in primary colorectal cancer (28) . However, to the best of our knowledge, no study has analyzed the relationship between ZEB-encoding genes and metastasis in primary colorectal cancers. In this study, analysis of the heterogeneous expression of ZEB1 in the IF and TC showed that the gene expression patterns for the IF differed from those for the TC. Metastatic tumors exhibited higher expression of ZEB1 at the IF than non-metastatic tumors (Fig. 3) , indicating that ZEB1 was involved in metastasis. However, a statistically significant relationship between expression of ZEB1 and metastasis was not seen in the analysis.
We next focused on the microRNAs that regulate ZEB1 because microRNAs regulate multiple targets post-transcriptionally and are more stable than mRNAs in human tissue (29, 30) . The miR-200 family is composed of five distinct microRNAs and controls EMT by downregulating the expression of the ZEB factors (31, 32) . Among them, expression levels of miR-200c decreased at the IF in metastatic tumors. miR-200c expression showed a statistically significant difference between metastatic and non-metastatic tumors while no statistical significance was seen for ZEB1. Expression levels of miR-200c showed an inverse correlation with those of ZEB1 (Fig. 7) , which is consistent with the report that miR-200 regulates the expression of ZEB1 in cultured cells (11) . Considering these findings and the fact that microRNAs are stable in tissues, miR-200c would provide more useful information for predicting metastasis than ZEB1. The expression of miR-200a increased at the IF in metastatic tumors while that of miR-200c decreased (Fig. 6 ). This may be due to differences in structure between miR-200c and miR-200a although they have homology in their sequences (32) . The expression of miR-200a did not show significant correlation with the expression of ZEB1.
In this study, heterogeneous expression of EMT-associated genes was identified by multiple spatially separated sampling. However, this procedure is too complicated and time-consuming for clinical practice. One of the ideal tools for clinical application could be 'liquid biopsy' for detecting tumor-originating genes and cells in blood; a recent study showed that miR200c could be detected in serum, which correlated with the prognosis in primary colorectal cancers (33) . Although more convenient tools should be applied to clinical practice, we believe that our data obtained by multiple sampling in a tumor could provide insights into the intratumor heterogeneity of EMT-associated genes in connection with tumor metastasis in primary colorectal cancers. Tumors likely exhibit the feature of potential metastasis at the IF, in which altered expression of ZEB1 and miR-200c was seen, along with activation of EMT-inducing signaling pathways such as the VEGF and Wnt pathways.
